Th2-mediated immunity is critical for human defence against schistosome, and susceptibility to infection is controlled by a major genetic locus, mapped on the 5q31-q33 region comprising the genes IL4, IL5 and IL13. We have reported an association between the rs1800925 polymorphism in the IL13 promoter and infection levels in a Dogon population (693 subjects in Sé gué and 148 in Boul), where Schistosoma haematobium is endemic. In the same population, we investigated whether other polymorphisms in genes involved in type 2 cytokine immune response could affect susceptibility to schistosome infection. By logistic regression analysis, we found an association between a single-nucleotide polymorphism (SNP) in the STAT6 gene (rs324013) and infection levels (P ¼ 0.04). We confirmed this association in analyses restricted to subjects under 20 years age and living in Boul, the village with the highest levels of infection (P ¼ 0.005). We detected an additive effect of the rs324013 and rs1800925 polymorphisms (P ¼ 0.011). These SNPs were not strongly correlated with any other tested markers surrounding the two genes. Furthermore, electrophoretic mobility shift assay has shown that both polymorphisms affect transcription factor binding. These results are consistent with the Th2 cytokine pathway enhancing resistance to schistosome infection in humans.
Introduction
Schistosomiasis is the fourth most prevalent disease in the world and the second most prevalent parasitic disease after malaria. 1 It comprises a group of chronic diseases caused by helminth digenetic trematode of the Schistosoma genus. Schistosoma mansoni and Schistosoma haematobium inhabit mesenteric and vesical venous plexus, respectively, where female worms lay an average of 300-3000 eggs per day. The eggs cause major pathological disorders; they may pass into faeces (S. mansoni) or urine (S. haematobium) or remain trapped within the tissues (mainly the liver or bladder and ureter walls). S. mansoni causes hepatic fibrosis associated with portal blood hypertension, which is often lethal. S. haematobium causes obstructive nephropathy that can be aggravated by urinary bacterial infections. [2] [3] [4] In endemic regions, 5-20% of the population is affected by severe schistosomiasis; the annual global mortality rate is 250 000-300 000. 5 Studies of the prevalence and intensity of infection by S. mansoni in a Brazilian population living in an endemic area, have shown a heterogeneous distribution of infection levels. 6 Exposure, age and gender explain only one-third of the variance of infection levels within this population, suggesting that other factors were involved. [6] [7] [8] Individuals with the highest infection levels were grouped within families, rather than being randomly distributed. Further analysis showed that infection levels depended on a major codominant locus (SM1) that accounted for half the variance of infection levels. 8 This major locus was mapped on 5q31-q33, 9 ,10 a region containing the Th2 gene cluster (including the IL4, IL5 and IL13 genes). [11] [12] [13] This result was further confirmed by an independent study in Senegal.
14 Furthermore, we and others have shown that sterile immunity in human schistosomiasis is dependent on IgE levels and eosinophils, [15] [16] [17] and on the Th1/Th2 balance. 18, 19 We have obtained similar results from studies based on a S. haematobium-infected population. Indeed, high infection levels were also clustered in families. 20 Moreover, immune responses involving IgE are strongly associated with protection against S. haematobium. 21 Thus, we tested whether allelic variants in the 5q31-q33 region would predispose to high levels of S. haematobium infection. Polymorphisms in the IL13 gene (rs1800925 and rs2069743) were associated with susceptibility to S. haematobium infection. 20 In particular, subjects carrying the rs1800925T/T genotype had a lower level of infection than individuals with rs1800925 C/C or C/T genotypes.
Similarly, single-nucleotide polymorphisms (SNPs) have been associated with the control of infection levels, such as in Ascaris lumbricoides (another helminth infection). Indeed, we recently showed that two polymorphisms in the IL13 gene (rs1800925 and IL13 þ 111C/A) are associated with Ascaris infection levels in African children living in an endemic area in Cameroon (Eboumbou et al., personal communication). The rs1800925C allele was associated with susceptibility to infection, whereas the IL13 þ 111C allele was associated with protection against Ascaris infection. Similarly, a STAT6 variant (rs324015) was associated with resistance to ascariasis in children from an endemic area in China. 22 These associations suggest that polymorphisms in genes encoding major components of the Th2 pathway could have significant effects on S. haematobium infection in populations from endemic areas. In this study, we investigated whether genetic polymorphisms in the genes encoding major components of the Th2 immune response are associated with the control of S. haematobium infection levels in a Malian population; it included IL4 (main Th2 cytokine), IL4RA, IL13RA1, IL13RA2 (IL4 and IL13 receptor chains), STAT6 (signal transducer) and GATA3 (main switch in determining Th1-Th2 responses). Here, we show that a STAT6 polymorphism in the promoter (rs324013) is associated with the control of infection levels and has an additive effect with rs1800925, a polymorphism previously found to have an association in this same population. These two SNPs, which are not known to be strongly correlated with another polymorphism, modify the binding of nuclear factors to the promoter regions of their respective genes.
Results
A linear regression analysis of the Ségué/Boul population suggests that the rs324013 polymorphism in STAT6 is associated with infection levels We tested putative associations between 18 SNPs in genes encoding major components of the Th2 immune response (IL4, IL4RA, IL13RA1, IL13RA2, STAT6 and GATA3) and infection levels in the Ségué/Boul population. Information on the markers is given in Table 1 . Subjects over 4 years age (693 from Ségué and 148 from Boul) were included in the study. A total of 480 subjects accepted to give blood sample for DNA extraction. SNP frequencies are shown in Table 2 . All the markers were in Hardy-Weinberg equilibrium.
We tested for potential associations between individual polymorphisms and infection levels by multivariate analysis. We performed logistic regression to analyse the 
STAT6 and high infection levels in schistosomiasis H He et al relationship between the probability of an individual developing a high level of infection and the main covariates known to affect infection by schistosomes. Age and gender were included as covariates in separate analyses for each polymorphism. A trend of association was detected for the rs324013 polymorphism (age: Po10 -3 ; gender: Po10 -3 and rs324013: P ¼ 0.04). Thus, rs324013 may be associated with an increased risk of infection. We investigated this further by studying the genotype distribution over the whole population, taking into account the village of origin and the age of the subjects (Figures 1a and b) . Subjects carrying the rs324013C/T genotype had a higher level of infection than those with the C/C or T/T genotypes. This effect was most marked in subjects from Boul (the village with the highest levels of infection) ( Figure 1a ) and in subjects under 20 years ( Figure 1b) . We carried out separate linear regression analyses for subjects under 20 years from Ségué and Boul. This indicated a significant association between rs324013C/T genotype and the highest infection levels in subjects from Boul but not from Ségué (P ¼ 0.005). In this analysis, both covariates (age and gender) were excluded. No association was found for any of the other markers tested by multivariate analysis.
rs324013 in STAT6 and rs1800925 in IL13 polymorphisms have an additive effect on infection levels The rs324013 polymorphism is the second polymorphism to be associated with infection levels. Indeed, we previously demonstrated that subjects from the same population who carry the rs1800925C/C genotype had higher levels of infection than non-carriers. We performed a multivariate analysis of infection levels on the total population of both Ségué and Boul to further characterize the involvement of these two SNPs in the control of the infection levels, with gender and the two associated polymorphisms as covariates. We showed that gender (Po10 -3 ), the rs324013 polymorphism (P ¼ 0.017) and the rs1800925 polymorphism (P ¼ 0.027) were associated with infection levels. Subjects under 20 years, carrying the rs1800925C/C genotype, had higher infection levels than subjects with other genotypes for this polymorphism, regardless of rs324013C/T genotype The frequencies of the IL13RA1 and IL13RA2 polymorphisms were not calculated for parents of the trios, because these markers are located on the X chromosome. Figure 1 rs324013 on STAT6 is associated with high infection levels. (a) Infection levels were quantified by counting eggs in urine. rs324013 genotyping of all the subjects from Ségué and Boul was performed by TaqMan assay. The mean egg excretion of subjects is shown for subjects from Ségué and Boul for each rs324013 genotype. (b) Infection levels for subjects of different age groups, for each rs324013 genotype.
STAT6 and high infection levels in schistosomiasis H He et al ( Figure 2 ). This effect was also visible when adjusting for gender or the village of origin ( Figure 2 ). This effect was more marked when we limited the analysis to male or Boul inhabitants (Figure 2) . Similarly, subjects carrying the rs324013C/T genotype had higher levels of infection than subjects with C/C or T/T variants for this polymorphism, regardless of rs1800925C/T genotype. The additive effect of these two markers is illustrated by subjects in Boul with the genotypes rs1800925C/C and rs324013C/T, exhibiting higher levels of infection (mean ¼ 582 eggs per 20 ml) than subjects from the same population with rs1800925T/T and rs324013C/C or T/T genotypes (mean ¼ 85 eggs per 20 ml). A linear regression analysis confirmed the association of these two genotype combinations with infection levels (P ¼ 0.011).
The rs324013 and rs1800925 polymorphisms are not strongly correlated with other surrounding SNPs The rs324013 and rs1800925 polymorphisms may affect infection levels directly, or they may be correlated with the causative polymorphisms. The completion of the human genome sequence has provided detailed genetic and physical maps of the whole human genome 23, 24 and an abundance of genetic markers 25 (http://www.ensembl. org or http://www.hapmap.org). The SNP frequencies described in our population (Table 2 ) are similar to the frequencies described for the Yoruba reference population (Nigeria). Therefore, the information available on this reference population was used to select the SNPs located within the two critical regions and with a minor allele frequency greater than 20%.
In the 5q31 region, surrounding the IL13 gene, 34 SNPs were genotyped on 87 unrelated subjects (selected randomly). Fourteen polymorphisms were genotyped by restriction enzyme analysis (Table 3 ) and all the other SNPs were genotyped by TaqMan assay as described in Materials and methods. The blocks were defined based on r 2 values (Figure 3 ). The darkest colours indicate the strongest correlations. The marker rs1800925 located in the promoter of the gene is not highly correlated with the other tested markers (0or 2 o0.22). In the 12q13 region, surrounding the STAT6 gene, 14 markers were genotyped in the same subjects. Five polymorphisms were genotyped by restriction enzyme analysis (Table 3) and all the other SNPs were genotyped by TaqMan assay. The SNP rs324013 located in the promoter of the gene was not strongly correlated with any tested markers (0.03or 2 o0.24; Figure 4 ). rs324013 and rs1800925 polymorphisms modify the binding of nuclear factors to the promoters of STAT6 and IL13 genes Sequence changes can influence gene expression through the creation or alteration of DNA-binding sites for transcription factors. The transcription factor database TRANSFAC 26 was used to analyse in silico these polymorphic loci for the potential differences in sequence similarity to known transcription factor-binding Figure 2 rs1800925 and rs324013 polymorphisms had additive effects on the regulation of infections levels. The association tests indicate that the genotypes rs1800925C/C and rs324013C/T are associated with high infection levels (P ¼ 0.011). This figure summarizes the distribution of infection levels according to these two polymorphisms. This analysis is repeated taking in consideration the gender and the village of origin.
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In silico analysis of the IL13 gene polymorphism indicated that the C-T transition, at position À1055 (rs1800925) from the transcription start codon, affected the binding of the cap factor to a site that encompasses the mutation (Figure 5a ). In silico analysis of the STAT6 polymorphism indicated that the two alleles have different putative binding properties. The rs324013C allele seems to be able to bind to ATF and polyA STAT6 and high infection levels in schistosomiasis H He et al rs2040704  rs2040703  rs7737470  rs1800925  rs2069743  rs34255686  rs2066960  rs1295686   rs848  rs2069750  rs2069753  rs2243206  rs2243219  rs2243226  rs2243246  rs2243250  rs2070874  rs2243251  rs734244  rs11479198  rs2243255  rs2243261  rs2243266  rs2243267  rs2243268  rs2243270  rs2243274  IL4repeat  rs2243283  rs2243288  rs2243289  rs2243290  rs2243291  rs11242123 10 kb Figure 3 Description of the correlation blocks around the IL13 gene. Thirty four markers, with a minor allele frequency greater than 20%, were genotyped on 87 unrelated subjects (selected randomly). Fourteen markers were genotyped by restriction analysis (Table 3 ). All the other SNPs were genotyped by TaqMan assay as described in Materials and methods. r 2 values and linkage disequilibrium (LD) plot were obtained with Haploview software (http://www.broad.mit.edu/mpg/haploview/index.php). 81 The reported values correspond to the r 2 values Â 100. The darker colours indicate stronger correlations. Figure 4 Description of the correlation blocks around the STAT6 gene. (a) Thirteen markers, with a minor allele frequency greater than 20%, were genotyped on 87 unrelated subjects. Five markers were genotyped by restriction analysis (Table 3 ). All the other SNPs were genotyped by TaqMan assay as described in Materials and methods. r 2 values and linkage disequilibrium plot were defined as indicated in Figure 3 .
STAT6 and high infection levels in schistosomiasis H He et al transcription factors, whereas the rs324013T allele may bind to the NIT2, GATA-2 and GATA-1 transcription factors (Figure 5b ).
We performed electrophoretic mobility shift assay, using nuclear extracts from phytohaemagglutinin (PHA)-stimulated peripheral blood mononuclear cells (PBMCs) or from purified CD4 þ cells, to determine whether DNA-protein interactions were altered by the polymorphisms at either site. The rs1800925T allele from PHA-stimulated PBMC nuclear extracts forms three DNA-protein complexes (complexes c1-c3; Figure 5c ). The complex c1 is common to both alleles, but less frequent on the rs1800925C allele. In nuclear extracts from purified CD4 þ cells, c1 was detected with the same intensity level in both alleles (Figure 5d) . Analysis of the rs324013 polymorphism, using PHA-stimulated PBMC nuclear extract, revealed two DNA-protein complexes (c4 and c5; Figure 5e ). Only c5 is common to both alleles. No differential binding between the two alleles was detected in nuclear extract from purified CD4 þ cells (data not shown).
Discussion
The aim of this study was to investigate the role of the Th2 pathway genes in controlling S. haematobium infection levels in a population from an endemic area. Our data suggest that the STAT6 gene is essential for immunity against Schistosome. In particular, we found that rs324013 polymorphism is associated with protection against infection in a multivariate analysis.
This SNP was associated with high infection levels in several multivariate analyses; thus, the STAT6 gene may play a major role in controlling this. The fact that the P-values remain modest after correction is explained by (1) the multigenic nature of processes involved in controlling infection levels and the presence of additive effects between the susceptibility genes; (2) the size of our study population. However, the Ségué/Boul population is homogenous (only one ethnicity); extending the analysis to neighbouring villages will introduce some heterogeneity that may mask the association.
STAT6 is the second gene (IL13 being the first) to be associated with the control of infection levels in S. haematobium infection. We confirmed the presence of an additive effect between the STAT6 and IL13 polymorphisms associated with infection levels, in a multivariate analysis. These two SNPs are not highly correlated with any other polymorphism; thus, they play a crucial role in controlling infection levels.
Moreover, we performed functional assays that showed that these polymorphisms affect the binding of transcriptional factors in the promoter regions of the IL13 and STAT6 genes. Electrophoretic mobility shift assays of the STAT6 promoter, in nuclear extracts from activated c5 Figure 5 Electrophoretic mobility shift assay for rs1800925 and rs324013 polymorphisms. The probability of these polymorphisms creating or altering DNA-protein interaction was determined by in silico analysis (http://www.cbrc.jp/research/db/TFSEARCH.html). 26 An 85% threshold score (similarity matrix) was used. For each polymorphism (a, rs1800925; b, rs324013) putative bindings are described. The similarity matrix score is indicated in brackets. Electrophoretic mobility shift assays were performed in vitro as described in Materials and methods (c and d, rs1800925; e, rs324013). Two different nuclear extracts were used (from PHA-stimulated PBMCs (c, e) or from purified CD4 þ cells (d)).
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PBMCs, detected differences in DNA-protein interaction properties between the two tested alleles. This was not detected in nuclear extracts from CD4 þ purified cells, suggesting that the stimulation is necessary for detection of these differences between the two alleles.
The differential binding properties of the promoter carrying the rs1800925T variant are consistent with recent data described by Cameron et al.
27
The rs1800925T allele is associated with the creation of a binding site for YY1 that overlaps a STAT6 motif. 27 The STAT6 intracellular mediator has been shown to be essential for polarization of the immune response, leading to high levels of interleukin (IL)-4 and IL-13 expression. However, some in vitro studies have shown that an excess of STAT6 production may inhibit IL-4 production. [28] [29] [30] So, STAT6 may be part of a complex feedback circuit, acting as an essential inducer of the Th2 immune response or as an inhibitor to limit IL-13 expression in fully differentiated Th2 cells. In this way, Cameron et al. 27 suggested that the creation of a YY1 site counteracts STAT6-dependent promoter inhibition. However, the molecular interactions underlying these effects remain unknown.
No associations were found for polymorphisms in the IL4 gene using multivariate analysis. Moreover, no IL4 markers were strongly correlated with the rs1800925 polymorphism (r 2 values range from 0.05 to 0.22). The fact that we did not detect an association does not exclude the involvement of this gene in the studied phenotype. The size of the population may have masked a potential effect of IL4 polymorphisms in this study. This lack of association may be also explained by the fact that we are studying a homogenous Dogon population. Recently, in Mali, Vafa et al. 31 described an association between the IL4-590T allele and Plasmodium falciparum prevalence within the Fulani but not in the Dogon tribe.
In this study, we have shown that IL13 and STAT6 polymorphisms are associated to the control of S. haematobium infection levels. Some polymorphisms located in the same genes are also associated with the control of infection levels in the endemic area for Ascaris lumbricoides, as previously shown in a population from Cameroon (Eboumbou et al., personal communication) and in China. 22 These results suggest that these genes play crucial roles in controlling helminth infection.
Asthma, atopy and allergies are generic terms that cover a range of aberrant responses to environmental targets for which there is a strong genetic basis. Several polymorphisms in IL13, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] 
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65-72 and GATA3 70 were associated with asthma, atopy and allergies, indicating that all components of the type 2 cytokine response pathway involved in susceptibility to these disorders.
Our findings suggest that helminth infections influence the allergic response. This is likely because Lynch et al. 73 showed that although subjects infected with Ascaris lumbricoides had a lower frequency of positive skin prick test responses to house dust mite allergens, treatment of this parasitic infection increased the frequency of positive skin prick test responses in these individuals. Similarly, there is an inverse association between positive skin prick test responses and the parasitic load of S. mansoni, suggesting that this parasite could modulate the allergen reactivity in atopic subjects. 74 Furthermore, a number of studies have demonstrated negative associations between A lumbricoides, S. mansoni or S. haematobium infection and skin prick test responses in patients. [73] [74] [75] Improvements in sanitation and the reduction of childhood infections through vaccinations in developed countries could shift the balance of the immune response toward a type 2 cytokine response generally associated with allergies. 76, 77 Materials and methods Study area-study population This study was carried out in the populations of two Dogon villages (Boul and Ségué) in the district of Bankass, 200 km from Mopti in Mali. All study subjects were Dogon; Boul and Ségué were built on a hillside and at the top of the hill, respectively. The study population was described previously. 20, 78 All subjects were over 4 years of age (693from Ségué and 148 from Boul). Those who refused to participate or were travelling (2% of the study population) were excluded. All subjects included in this study signed a consent form.
Parasitological methods S. haematobium infections were quantified by counting eggs in urine. 79 Individual infection levels are the mean egg counts in 3-7 samples. Ten per cent of the filters were randomly selected and re-counted by another microscopist. No S. mansoni eggs were found in faeces samples taken on two different days from 200 young subjects.
Allelic discrimination by PCR with specific TaqMan probes Aliquots of 5-15 ml of blood were collected on sodium citrate and kept at À20 1C. DNA was extracted using the standard salting out method. 80 Allelic discrimination was assessed using TaqMan Allelic discrimination with restriction enzyme analysis Polymerase chain reaction amplifications were carried out on a robocycler gradient 96 (Stratagene, La Jolla, CA, USA), according to standard protocol. 20 Polymorphisms were genotyped by restriction enzyme analysis. Briefly, PCR products specific to each polymorphism were obtained using the primers described in Table 3 . PCR products were digested by restriction enzyme under standard conditions described by the enzyme manufacturers (Euromedex, Mundolsheim, France or New England Biolabs, Beverly, MA, USA). Each digestion was resolved on either agarose or acrylamide gels, stained with ethidium bromide and visualized by UV. Complementary strands were annealed by placing reactions (oligonucleotide and DNA sample) in a boiling water bath for 10 min and allowing to cool to room temperature.
Nuclear extract preparation
Binding reactions were set up with LightShift Chemiluminescent EMSA Kit (Pierce, Rockford, IL, USA). Aliquots of 20 fmol of complementary DNA were incubated at room temperature for 20 min with 4 mg of nuclear extract in 10 mM Tris, 50 mM KCl, 1 mM DTT, 2.5% glycerol, 5 mM MgCl 2, 50 ng ml À1 poly d(I-C), 0.05% NP-40, pH 7.5. Then reactions were loaded onto an 8% non-denaturing polyacrylamide gel and run for 150 min at 110 V. Free DNA and DNA-protein complexes were transferred to nylon N þ membrane by capillary action. Binding was detected according to manufacturer 0 s instructions (Pierce, Rockford, IL, USA).
Statistical analysis
Linkage disequilibrium analysis was performed on the genepop web site (http://wbiomed.curtin.edu.au/genepop/index.html). Multivariate logistic regression was used to analyse the relationship between the probability of an individual developing a high level of infection and the main covariates known to affect infection by schistosomes. The statistical SPSS software (version 10.0) was used for this analysis. Statistical data presented in this manuscript were not corrected for multiple testing. However, when we do apply these corrections, the main associations remain significant.
